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ABSTRACT  
   
Microwave (MW), thermal, and ultraviolet (UV) annealing were used to explore the 
response of Ag structures on a Ge-Se chalcogenide glass (ChG) thin film as flexible 
radiation sensors, and Te-Ti chalcogenide thin films as a material for diffusion barriers in 
microelectronics devices and processing of metallized Cu. 
 
Flexible resistive radiation sensors consisting of Ag electrodes on a Ge20Se80 ChG thin 
film and polyethylene naphthalate substrate were exposed to UV radiation. The sensors 
were mounted on PVC tubes of varying radii to induce bending strains and annealed 
under ambient conditions up to 150 oC. Initial sensor resistance was measured to be ~1012 
Ω; after exposure to UV radiation, the resistance was ~103 Ω. Bending strain and low-
temperature annealing had no significant effect on the resistance of the sensors.  
 
Samples of Cu on Te-Ti thin films were annealed in vacuum for up to 30 minutes and 
were stable up to 500 oC as revealed using Rutherford backscattering spectrometry (RBS) 
and four-point-probe analysis. X-ray diffractometry (XRD) indicates Cu grain growth up 
to 500 oC and phase instability of the Te-Ti barrier at 600 oC.  
 
MW processing was performed in a 2.45-GHz microwave cavity on Cu/Te-Ti films for 
up to 30 seconds to induce oxide growth. Using a calibrated pyrometer above the sample, 
the temperature of the MW process was measured to be below a maximum of 186 oC. 
Four-point-probe analysis shows an increase in resistance with an increase in MW time. 
XRD indicates growth of CuO on the sample surface. RBS suggests oxidation throughout 
the Te-Ti film. Additional samples were exposed to 907 J/cm2 UV radiation in order to 
ii 
ensure other possible electromagnetically induced mechanisms were not active. There 
were no changes observed using XRD, RBS or four point probing.  
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1 Introduction 
1.1 Chalcogenide Glasses 
Chalcogenide glasses (ChGs) get their name from the chalcogen elements (S, Se, and Te) 
that comprise a significant portion of the material. Combining these chalcogens with 
elements such as As, Ga, and Ge result in a glass material with a semiconducting nature 
(~1-3 eV band gap) and high ion mobility [1]. The structure of ChGs allows for easy 
migration of Cu or Ag into the glass, making it them good candidates for solid 
electrolytes in electronic devices [1-3]. This work investigates the effects of various 
processing techniques on metal/ChG structures in the contexts of flexible radiation 
sensors and microelectronic devices.  
1.2 Radiation Sensors 
Radiation sensors are used in a broad array of applications, including personal dosimetry, 
nuclear materials detection, and nuclear medicine [4]. Ideal sensors are accurate and 
precise in their quantification of radiation, mobile and inexpensive to deploy, and easy to 
process [4].  
Ionizing radiation is comprised of three types: neutron, charged particle (α and β), and 
electromagnetic (UV, x-ray, and γ) [5]. As the name implies, interactions of this radiation 
with matter are capable of producing charged products. If the energy of the particles or 
waves is high enough, the radiation will penetrate the target material and ionize atoms 
and molecules. For electromagnetic radiation, the energy of the photons is directly related 
to the frequency; higher frequency equates to higher photon energy. Ionizing radiation 
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sensors typically measure the radiation directly, using the by-products of the ionization 
reaction to quantify the dose and dose rate [5].  
1.2.1 Types of Radiation Sensors 
There are three main categories of radiation sensors: ionization chambers, scintillation 
detectors, and solid-state detectors [5]. Ionization chambers utilize a gas (typically Ar, 
He, or air) inside a chamber with two biased electrodes. A schematic of a basic ionization 
chamber system is shown in Fig. 1 [5]. Ionizing radiation penetrates the chamber walls 
and causes an ionization event, creating a charged pair (negatively charged electron and 
positively charged nucleus) and results in an electrical current. The current directly 
generated by ionizing radiation is used to quantify the dose. 
 
Figure 1: Basic electrical diagram of an ionization chamber detector [5] 
Scintillation detectors rely on fluorescence to quantify radiation dose. Incident radiation 
strikes the scintillating material and is converted into visible light [5]. The resulting 
photons are guided into a photomultiplier tube or photodiode, both of which convert the 
scintillation photons into an electrical current that correlates linearly with the dose rate. A 
photomultiplier tube, shown in Fig. 2, uses a photocathode to initially convert photons 
into photoelectrons.  
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Figure 2: Diagram of photomultiplier tube operation [6] 
These electrons are guided through a series of dynodes, which generate secondary 
electrons proportionally to the number of incident electrons. Photodiodes convert incident 
light into electron-hole pairs (ehps) within a semiconducting PN diode [5]. Solid-state 
detectors, utilize the conversion of radiation into ehps using the same principles as 
photodiodes in semiconducting junctions commonly fabricated from Si, Ge, and Li.  
Each of these detectors has drawbacks that make them unsuitable for certain purposes. 
Ionization chamber sensitivity is directly proportional to the volume of gas chamber [5]. 
In low-dose applications, extremely large chambers are required, which are bulky and 
limit mobility. Scintillation detectors are complex and require multiple conversion stages 
to measure ionizing radiation [5,6]. Solid-state detectors require pure crystalline materials 
and cryogenic operating conditions, both of which are often prohibited by limited budgets 
[5]. Each of these detectors also requires external circuitry, which often consists of a pre-
amplifier, amplifier, and multichannel analyzer. Ultimately, these aspects prohibit the 
application of these detector systems in a wide range of scenarios.  
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1.2.2 Resistive Radiation Sensors 
ChG-based resistive radiation sensors rely on diffusion of an ionizable metal into ChG 
solid electrolyte [3,4]. Ag is often used because Ag+ ions are easily produced by radiation 
ranging from UV to γ, and Ag incorporates easily into ChG thin films [3,4,7]. These 
resistive sensors consist of Ag electrodes deposited on the surface of the ChG [4]. Prior to 
Ag diffusion, the device is in a high resistance (~1012 Ω) OFF state. As Ag incorporates 
into the ChG, the resistance of the sensor drops until the diffused Ag creates a physical 
connection between electrodes, resulting in a resistance value of ~103 Ω in this ON state 
[4]. Additionally, the sensors require little in the way of external circuitry, making these 
easy devices to integrate into and analyze with mobile electronics. In this work, concepts 
of Ag/Ge20-Se80 ChG radiation sensors were applied to a flexible substrate to characterize 
the performance under bending strain. 
1.3 Electronics Processing  
Processing of electronics encompasses a variety of methods, all of which ultimately serve 
one purpose: to fabricate devices. For example, typical semiconductor processing steps 
include lithography, etching (wet and dry), dopant implantation, oxide deposition, and 
packaging [8]. When the microelectronics industry originated, bulk processing techniques 
and common electronic materials (e.g. Si, SiO2, Al) were suitable for mass fabrication of 
integrated circuits. However, decreased feature size has demanded a change both in 
materials and processing methods.  
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1.3.1 Diffusion Barriers 
Diffusion barriers are a growing materials selection problem in device processing [9-11]. 
Barriers are often used between a top metallized layer (e.g. Al, Cu, Ag) and a bottom 
dielectric/oxide (e.g. SiO2). These barriers must meet several important criteria: good 
adhesion to the substrate and metal layers, stability under a variety of conditions, 
chemical inertness to the substrate, and low resistivity [10,11]. The greatest challenges to 
diffusion barriers are processing methods such as Rapid Thermal Processing (RTP). In 
RTP, wafers are quickly heated to extremely high temperatures (on the order of 1200 oC) 
and allowed to cool slowly [12]. In RTP, processing can provide the metal interconnects 
enough energy to diffuse throughout the integrated circuitry, ultimately leading to device 
failure. Diffusion barrier materials need to be able to withstand these conditions while 
maintaining thinness in order to be candidates in state-of-the-art electronic devices. The 
focus of this work was to determine the feasibility of Te-Ti chalcogenide alloy thin films 
as a barrier against thermal Cu diffusion at high temperatures. 
1.3.2 Microwave Copper Oxidation 
Copper oxides are of great interest for modern electronics, because of their favorable 
material properties and the abundance of copper readily available in the industry. Copper 
has two valence states: the monovalent (Cu1+) forms cuprous oxide (Cu2O) and the 
divalent (Cu2+) forms cupric oxide (CuO). Both of these oxides are p-type 
semiconductors, have low band gaps (1.2 eV for CuO, 2.2 eV for Cu2O), and are 
antiferromagnetic [13-17]. These properties make them suitable for use in magnetic 
storage, catalytic batteries, and both semiconducting and superconducting devices 
[15,16]. Copper oxide can be formed in a variety of methods, including reactive 
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sputtering, chemical vapor deposition, and thermal oxidation [18]. The primary 
downsides of these techniques are that they are capable of producing either a pure oxide 
over a long time period (1 hr. or more) or a mixture of Cu/CuO/Cu2O phases very 
quickly. However, microwave (MW) processing of Cu has been shown to have a rapid 
process time (2 minutes or less) that requires fewer resources, and is capable of 
producing both CuO and Cu2O from Cu under ambient pressure conditions and low 
temperatures (200 oC or lower) [19-22]. MW processing provides volumetric heating 
through molecular stimulation of the target material, which cannot be achieved using 
traditional heating processes [19-21]. This allows for precise, rapid and even heating 
without concern for thermal gradients that would increase processing time in radiative or 
conductive heating [22]. In this work, the oxidation responses of Cu and Te-Ti to MW 
processing were characterized in order to determine the feasibility of Te-Ti as a substrate 
for Cu oxide growth. 
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2 Ge-Se based Flexible UV Radiation Sensors 
2.1 Introduction 
The applications for radiation sensors cover a broad range, from personal dosimetry to 
contamination detection and quantification [4]. However, existing technologies have 
numerous drawbacks. Thermoluminescent dosimeters, a common form of personal 
dosimetry, require expensive processing [4]. Modern solid-state crystalline detectors (e.g. 
SiLi, SiGe) can only operate precisely and accurately under cryogenic conditions [5]. 
Ionization chambers and scintillation detectors are often large and cumbersome, limiting 
their practicality in a mobile environment [5]. To further compound these issues, the 
existing technologies are often require complex workarounds to interface their detection 
capabilities with external electronic systems due to their stand-alone designs [5].  
Chalcogenide glass (ChG) thin film radiation sensors alleviate many of these issues by 
providing a precise and accurate dosimeter with good data retention, a small and scalable 
footprint, and low-cost fabrication and processing [4]. Previous experimentation found 
ChG thin films to be favorable material candidates for diffusion-driven sensing devices 
when deposited on a solid glass substrate [4]. However, ChG deposition onto a thin 
flexible polymer substrate results in a radiation-sensing device that is able to withstand 
high bending strain while maintaining its functionality and structural integrity. ChG thin 
films are great candidates for flexible sensor electrolytes; the flexible properties of ChgS 
have been exploited and refined for use in flexible optical fibers and numerous types of 
flexible electronics [23-25].  
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2.2 Device Structure and Principles of Operation 
The dosimeters investigated are composed of three layers: a flexible substrate 
(polyethylene naphthalate), a ChG thin film (Ge20Se80), and metal surface electrodes 
(Ag). A diagram of the device structure used in these experiments is shown in Fig. 3.  
 
Figure 3: Cross section of chalcogenide radiation sensor used in experiments 
The Ge-Se ChG film acts as a solid electrolyte capable of allowing diffusion of the Ag, 
which is stimulated by an external source (thermal, electrical, or radiative). Fig. 4 
provides a visual depiction of the irradiation and diffusion processes in a metal-ChG 
system. Ge-Se chalcogenide systems have been widely studied as solid electrolytes across 
numerous device applications [1-3]. They are a favorable material due to their resilience 
to thermal processing and high ion mobility, aspects which are both relevant and 
important to the function and processing of flexible ChG dosimeters. Studies dating back 
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to the 1960s have explored the diffusion of Ag into chalcogenide-based materials by UV 
activation [4]. More recently, UV induction of Ag diffusion into ChG thin films has been 
studied for applications in solid electrochemical devices [4]. For these reasons, Ag is a 
promising candidate for use in ChG thin film dosimeters.  
 
Figure 4: Cross sectional view of the irradiation process.  
(a) Sensor prior to UV irradiation (b) Sensor after UV irradiation 
The performance of the ChG thin film sensors is characterized by the magnitude of the 
resistance between Ag electrodes. In the initial OFF state (no Ag diffusion into the ChG 
film), the probing current travels primarily through the less-conductive amorphous ChG 
thin film, resulting in a very high electrical resistance on the order of ~1012 Ω. After 
radiation exposure, lateral diffusion of Ag through the ChG thin film decreases the 
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measured resistance (~103 Ω) due to enhanced conduction through the ternary 
chalcogenide electrolyte Ag-Ge-Se.  
 
Figure 5: Optical micrograph of Ag/Ge-Se after a UV dose of energy density  
(a) 0 J/cm2 (b) 19.22 J/cm2 (c) 33.64 J/cm2 (d) 43.25 J/cm2 [4] 
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As shown in Fig. 5, the device remains physically in the OFF state (no direct connection 
between Ag electrodes) up to a threshold dose (Dth), at which point the Ag electrodes are 
physically bridged by the Ag that diffused into the ChG film. However, the resistance 
continues to drop with dose increases up to a saturation dose, Dsat, at which point the 
device is completely saturated (100% lateral Ag diffusion) and has a measured resistance 
Rsat.  
2.3 Experimental Details 
The devices used in these experiments are easy to fabricate, since the process only 
requires deposition of the ChG layer and the Ag electrodes. A Cressington 308 thermal 
evaporator was used to deposit a 10 nm thick blanket Ge20Se80 film at a deposition rate of 
0.1 nm/s in onto a 125 µm polyethylene naphthalate (PEN) substrate. Using a shadow 
mask in the evaporator, Ag was deposited at a rate of 0.1 nm/s for a total thickness of 50 
nm. A depiction of the deposition process is shown in Fig. 6. As shown in Fig. 7, 
removing the mask resulted in 2 mm diameter Ag electrodes with 1 mm spacing.  
The sensors were exposed to a 324 nm UV source with a power density of 2.67 mW/cm2 
for 6 hours, equating to a cumulative absorbed dose of 57.66 J/cm2. After doping the 
sensors, they were then cut into strips and mounted on to sectioned PVC tubing with 
carbon tape. The samples were mounted on the inside and outside of sections with a 
variety of bending radii, as shown in Fig. 8. The samples remained bent for up to 96 
hours. Several exposed samples were heated on a hot plate in order to determine the 
effects of low temperature thermal annealing. Samples were placed on a hot plate for one 
hour at 75, 100, 125, and 150 oC. 
12 
The changes in electrical performance of the samples after bending and thermal annealing 
were characterized using an Agilent 4155B/C Semiconductor Parameter Analyzer (SPA) 
under ambient conditions. The resistance was measured for 100 seconds across two 
adjacent Ag electrodes using a 10 mV bias.  
The physical effects of bending on the flexible ChG sensors were qualitatively 
characterized under an optical microscope. Irradiated samples were inspected under a 
Zeiss Axiophot optical microscope in order to observe cracking in the films. The 
differential interference contrast imaging method was used to obtained detailed images of 
the cracks.  
 
Figure 6: Diagram of the Ag/Ge-Se sensor fabrication process [4] 
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Figure 7: Optical micrograph of sensor surface after fabrication [4] 
 
Figure 8: Sample mounting on (a) outside and (b) inside of PVC sections 
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2.4 Results and Discussion 
Table 1 contains the various bending radii of the PVC sections and the corresponding 
strain values. The percent bending strain (𝜖) was calculated using the relationship:  𝜖 = !!"#!!!!!!∗!! ∗ 100    (1) 
where 𝑡!"# and 𝑡!!!  represent the thicknesses of the PEN substrate (125 µm) and Ge-Se 
ChG thin film (10 nm), respectively, and 𝑅!  is the bending radius of the substrate [26]. 
Tensile strain on the sensors is represented by positive values, while compressive strains 
are represented as negative values. 
Fig. 9 shows the effects of these strains on the measured resistance of the sensors [27]. 
Overall, the bending had little effect on the measured resistance of the sensors, with an 
average measured value of ~104 Ω. For reference, the initial sensor resistance is on the 
order of 1012 Ω. These results indicate that mounting sensors on curved surfaces will not 
alter the readout of the devices after irradiation.  
 
Bending Radius (in.) Bending Strain (%) 
1.2 0.21 
0.65 0.38 
0.4 0.62 
0.3 0.82 
0.2 1.3 
1.51 -0.16 
1.225 -0.20 
1 -0.25 
 
Table 1: Sensor bending strain values 
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Figure 9: Plot of sensor resistance as a function of bending strain [27]. 
Fig. 10 shows the resistance change due to the ambient thermal annealing [27]. As 
demonstrated in the figure, the average resistance is approximately constant near a value 
of 11 kΩ from room temperature up to 100 oC. At 125 oC and 150 oC, the average 
resistance exhibits a slight downward trend, possibly due to thermal diffusion of the Ag. 
However, the measurements have a wide range of variation and include the value of 11 
kΩ. Therefore, it is difficult to draw solid conclusions about the effect of low temperature 
annealing on the irradiated samples.  
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Figure 10: Plot of sensor resistance as a function of annealing temperature [27]. 
Figs. 11a-d show the sensors under optical microscopy at various magnifications. Fig. 
11a shows the Ge-Se ChG film incorporated with Ag after UV exposure. The dark 
streaking present in the micrograph is residual carbon tape from mounting on the PVC 
tubing. Fig. 11b pictures cracks that develop due to cutting and mounting the samples. 
The longer cracks shown in Figs. 11b and 11c span the width of each sensor sample (~7 
mm) through both the Ag electrodes and Ge-Se glass film. These cracks result in large 
abnormalities in the measured resistance; the values obtained across these cracks are on 
the order of 107 Ω. The shorter cracking evident in Figs. 11b and 11d is due to cutting the 
sensor sheet during sample preparation. Because a dull blade was used to cut the sensors, 
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cracking occurs along each cut edge of the samples. However, these cracks do not affect 
the measured resistance values in any way.  
 
(a) 
 
(b) 
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(c) 
 
(d) 
FIG. 11: Optical micrographs of Ag/Ge-Se UV sensors.  
Samples were strained to (a-c) 0.82% and (d) -0.25%.   
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2.5 Conclusions 
This study investigated the performance of chalcogenide-based flexible UV sensors. The 
sensors exhibit an OFF-state resistance on the order of 1012 Ω, and an ON-state resistance 
of ~104 Ω. The sensors were mechanically stressed to maximum tensile and compressive 
strains of 1.3% and -0.25%, respectively, and no significant changes in the resistance 
values were observed. Thermal stresses did not significantly degrade the sensors or the 
resistance values, and remained centered around ~104 Ω up to 150 oC. Cracking in the 
sensors was observed using optical microscopy. ~107 Ω resistance values were measured 
when current flowed across the cracks. Although cracking did not occur during the 
bending or thermal stressing, the resistance value between the OFF and ON states allows 
for easy identification. 
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3  Thermal Stability of Copper on Te-Ti Thin Films 
3.1 Introduction 
With the accelerated reduction in feature size of microelectronic devices, new materials 
for interconnects are being rapidly explored. Aluminum, the current industry staple, is a 
poor interconnect material due to issues such as higher power consumption and leakage 
current, RC delay, and poor conductivity [10,11,28]. Ag is also being explored as an 
interconnect material, but suffers from agglomeration even at low temperatures [29]. Cu 
has very low resistivity and high resistance to electromigration, and thus is currently the 
most favorable material for use in interconnects [30]. However, Cu diffuses into Si and 
SiO2 at high temperatures, which is detrimental to device performance [31,32]. For this 
reason, Cu diffusion barriers of various materials are being explored [28,30,32,33]. 
3.2 Experimental Details 
A Te-Ti thin film alloy was co-deposited onto a SiNx substrate using pure Te and Ti 
targets. The alloy was capped with a thin Cu film, which was sputtered onto the wafer 
without breaking vacuum. Samples were then annealed under a  ~10-7 Torr vacuum at 
400, 500, and 600 oC for 30 minutes in a modified Lindberg vacuum anneal furnace to 
explore the thermal stability of the films.  
 
Backscattering analysis was performed using a 2.0 MeV He+ ion beam at an 8o tilt angle 
in a General Ionex tandetron accelerator. The RUMP computer software was used to 
simulate the resulting RBS spectra, and determine the Te-Ti and Cu layer thicknesses and 
composition. XRD was performed using a PANalytical X’Pert Pro diffractometer. Using 
Cu Kα radiation, all of the samples were examined over a 2θ angle range of 10-60o with a 
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0.01o step size. XRD scans were performed at a 1o glancing angle with a voltage and 
current of 45 kV and 40 mA, respectively. Four point probe analysis was performed in 
order to characterize the changes in sheet resistance of all samples. 
3.3 Results and Discussions 
 
Figure 12: RBS spectra for Cu/Te-Ti/SiN/Si for as deposited sample and samples  
after a 30 min anneal in vacuum at 500 and 600 oC.  
As deposited (—), 500 oC anneal (- -), 600 oC anneal (-••-). 
Backscattering analysis is performed in order to characterize the composition and 
diffusion in the Cu-Te-Ti system. Using the RUMP software package, the chemical 
composition of the Te-Ti system was determined to be Te0.20Ti0.70O0.10. The simulations 
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indicate the layer thicknesses of Cu and Te-Ti in the as deposited sample to be 5.5 and 35 
nm, respectively.  
 
Fig. 12 shows RBS spectra of as deposited, 500 oC and 600 oC annealed samples. 
Markers are shown for Ti, Cu, and Te as deposited peaks near channel numbers 260, 280, 
and 320, respectively. At 500 oC, the spectrum exhibits some broadening of the Cu peak 
back edge, suggesting some initial diffusion into Te-Ti thin film. Fig. 12 also indicates 
that the Te-Ti thin film fails as a thermal diffusion barrier at 600 oC. The Cu peak 
undergoes a significant change in peak height and location. The Ti peak front edge also 
exhibits a decrease in peak height, while the Te peak increases in height. These peak 
shifts and peak height changes indicate interdiffusion between the Cu and Te-Ti layers.  
Diffraction analysis is performed in order to identify phases present in the Cu-Te-Ti 
system. The XRD spectra of the as deposited, 500 oC, and 600 oC annealed samples are 
shown in Fig. 13. The as deposited Te-Ti spectrum does not have any significant peaks, 
but after annealing at 500 oC the spectrum indicates peaks near 2-theta angles of 28o and 
43o. JCPDS File Card No. 89-2758 suggests that the peak at 28o corresponds to the 
presence of Ti3Te4 (JCPDS 89-2758). The enhanced peak at 43o suggests the Cu (111) 
phase is present (JCPDS 04-0836), and further indicates that annealing at high 
temperatures induces Cu grain growth rather than thermally activated diffusion [10]. 
After annealing at 600 oC, the XRD spectrum indicates several phase changes. The Cu 
(111) peak previously visible at 500 oC is now diminished, and the Te-Ti system 
develops several new phases; the Ti3Te4 (112) signal appears just above 30o 2-theta, and 
Ti3Te4 (310) becomes present around 45o (JCPDS 89-2758). The reduction in the Cu 
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(111) in Fig. 13 agrees with the conclusion that Cu diffusion occurs, as originally 
evidenced in the 600 oC anneal RBS spectrum in Fig. 12. 
 
 
Figure 13: 1o glancing scan XRD spectra for Cu/Te-Ti/SiN/Si samples. 
Four-point probe analysis was used to measure the sheet resistance of the Cu surface 
layer. Fig. 14 contains the effective resistivity values for the as deposited, 400 oC, 500 oC, 
and 600 oC annealed samples. The effective resistivity of the Cu thin films is calculated 
using the equation ρs = Rs × tCu, where Rs represents the sheet resistance of the sample as 
measured by the four point probe, and tCu represents the Cu film thickness. The calculated 
24 
value of 5.5 nm from the RUMP simulations was used to determine the effective 
resistivity values displayed in Fig. 14. 
 
Figure 14: Plot of effective resistivity as a function of annealing temperature  
for Cu/Te-Ti/SiN/Si samples. 
The plot shows an initial decrease in the resistivity of the sample, which continues 
through the annealing at 500 oC. This continuous decrease in effective resistivity is a 
result of grain growth, as evidenced by the presence of the Cu (111) peak in the 500 oC 
anneal spectrum in Fig. 13, and annihilation of point defects in the Cu layer, which 
results a reduction in electron-defect scattering [10,34]. After annealing at 600 oC, the 
samples exhibit a sharp increase from approximately 21 µΩ-cm to 41 µΩ-cm. The 
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increase in resistance is due to the probe current being carried through both the Cu and 
the Te-Ti layers, rather than the Cu layer alone [33]. This feature in Fig. 14 indicates 
failure of the Te-Ti barrier. 
 
3.4 Conclusions 
This study investigated the effects of thermal annealing up to 600 oC on Cu. RBS, XRD, 
and four point probe analysis were used to find no evidence of thermal Cu diffusion up to 
500 oC. Additionally, the 35 nm Te-Ti thin film proved to be a stable barrier, as 
demonstrated by the lack of significant density and phase changes up to 500 oC. As a 
result, Te-Ti thin films are a potential candidate for thin film diffusion barriers in high-
temperature integrated circuits and microelectronics.  
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4 Anomalous Oxidation of Metal Stacks by Microwave Stimulation 
4.1 Introduction 
CuO and Cu2O have a multitude of uses in the electronics industry. Since they are 
naturally p-type semiconductors, antiferromagnetic, and have direct low band gaps (1.2 
and 2.2 eV, respectively), they can and are currently used in photovoltaic cells, catalytic 
batteries, and magnetic storage media [13-17]. There are numerous methods by which to 
form Cu oxides, including traditional techniques like chemical vapor techniques and 
thermal oxidation, as well as more exotic methods such as plasma evaporation and 
electrodeposition [18]. However, a majority of these are costly and time consuming, often 
requiring high temperature processing and hours of process time.  
Although metals typically reflect microwaves, thin films and powdered metals have been 
shown to continuously absorb microwave (MW) energy [35]. This is due to the shallow 
penetration depth of MWs in bulk metals [36]. Previous work has demonstrated the 
possibility of using MW processing to form Cu oxides by inducing segregation of Cu 
from Ag-Cu films [19-21].  In this work, a conventional microwave cavity was used to 
induce low-temperature Cu oxidation on Te-Ti chalcogenide thin films. 
4.2 Experimental Details 
Cu/Te-Ti samples were fabricated as noted in previous work [37]. The 35 nm 
Te0.20Ti0.70O0.10 thin film samples with 5.5 nm Cu caps were processed with 2.45 GHz 
microwaves under ambient pressure for 10, 20, and 30 seconds. The temperature of each 
sample was measured using a Rayteck Compact MID pyrometer with a range of 0 to 200 
oC. The maximum temperature achieved by the microwave processing was 186 oC. 
27 
Additional samples were exposed to a 365 nm UV lamp with a power density of 3.5 
mW/cm2. The samples were irradiated for 72 hours, for a total absorbed energy density of 
907 J/cm2. 
Four-point probe analysis was performed in order to characterize the changes in electrical 
properties. A Keithley 2700 data acquisition system was used to measure the sheet 
resistance of the samples. The UV exposed samples were measured every 24 hours 
during the irradiation process.  
In order to characterize the composition changes of the as deposited, MW processing and 
UV exposed samples, Rutherford backscattering (RBS) analysis was performed using a 
General Ionex tandetron accelerator. A 2.0 MeV He++ ion beam was used to probe the 
samples at 8o and 65o tilt angle. The resulting RBS spectra were simulated using the 
RUMP software package.  
Using a PANalytical X’pert Pro diffractometer, x-ray diffractometry (XRD) was 
performed to characterize the structural properties of the films. XRD scans were 
performed using Cu Kα radiation at a 1o glancing angle over a 2θ angle range of 10-60o. 
Using a step size of 0.01o and time step of 1 second per 0.01o, the total scan time per 
sample was 1 hour 23 minutes. The XRD working voltage and filament current were 45 
kV and 40 mA, respectively.  
4.3 Results and Discussions 
Fig. 15 shows the results of the four-point probing of the UV exposed samples. After 72 
hours of irradiation, the sheet resistivity only increased by approximately 1.5 µΩ-cm. 
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These results indicate that the Cu/Te-Ti sample is electrically stable when exposed to 
higher energy electromagnetic radiation, and suggest that the UV radiation does not 
induce changes in the samples.  
 
Figure 15: Plot of effective resistivity as a function of UV exposure time  
for Cu/Te-Ti/SiN/Si samples.  
Fig. 16 shows the as deposited and UV exposed samples RBS spectra recorded at a tilt 
angle of 8o of the Ti, Cu, and Te peaks (near channels 260, 280, and 300, respectively). 
The results of the spectra further support the initial conclusion that the Cu/Te-Ti is stable 
under UV irradiation.  
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Figure 16: RBS spectra for Cu/Te-Ti/SiN/Si for as deposited sample and sample after 72 
hour UV exposure. As deposited (—), 72 hour UV (- -). 
Microwave processing of Cu on Te-Ti samples produces a color change of the surface 
from a reflective to a dark blue color, which indicates the formation of a surface oxide 
layer. The initial confirmation of this oxide growth was obtained through the four-point 
probe results in Fig 17. The sample resistances increase in an exponential fashion, 
reaching a maximum increase of almost 6000% after just 30 seconds in the microwave. 
The sharp increase that occurs between 20 and 30 seconds processing time suggests that 
substantial changes occur in either the oxide formation or the interface between the Cu 
and Te-Ti layers during this timeframe. 
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Figure 17: Plot of sheet resistance as a function of MW time  
for Cu/Te-Ti/SiN/Si samples. 
Figs. 18-20 show the results of RBS investigation of the as deposited, 10, 20 and 30 
second MW samples. Fig. 18 demonstrates the evolution of the overall sample structure 
as a function of the microwaving time. From the figure, it is clear that significant changes 
occur in the O, Ti and Te signals (near channels 120, 260 and 300, respectively).  
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Figure 18: RBS full spectra for Cu/Te-Ti/SiN/Si for as deposited sample and samples 
after 10, 20 , and 30 second MW processing.  
As deposited (black), 10s (brown), 20s (blue), 30s (red) 
In Fig. 19, it is clear that the Cu peak (channel 280) undergoes a decrease in height. 
Additionally, the peak maintains a nearly constant width, which signifies that the Cu 
layer does not diffuse into the Te-Ti thin films and instead remains at the surface. From 
this, it can be inferred that the Cu film is being oxidized via the low temperature MW 
process.  
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Figure 19: RBS spectra for Cu/Te-Ti/SiN/Si over the channels 230 to 350 for as 
deposited sample and samples after 10, 20 , and 30 second MW processing.  
As deposited (black), 10s (brown), 20s (blue), 30s (red) 
The Ti and Te peaks experience significant shifts to lower channel numbers, suggesting 
further change in composition of the chalcogenide layer. Of additional note, the minute 
differences in the Ti and Te peaks between the 20 and 30 second MW spectra indicate 
that the mechanism driving the composition change operates to completion with a time 
span of approximately 20 seconds. The O peak shown in Fig. 20 demonstrates the growth 
of the oxide films within the samples over time. RUMP simulations of the 10 second MW 
spectrum indicate that the initial oxidation occurs primarily in the surface Cu layer, with 
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some secondary oxidation beginning to occur in the Te-Ti thin film. After 20 seconds, the 
O peak broadens to span the channels 110 to 130.  
 
Figure 20: RBS spectra over the O peak region (ch. 100-150) for Cu/Te-Ti/SiN/Si as 
deposited and samples after 10, 20, and 30 second MW processing. 
As deposited (black), 10s (brown), 20s (blue), 30s (red) 
When corroborated with Fig. 18, the enhancement in the O signal can be attributed to 
continuing oxidation of the chalcogenide layer.  The O peak corresponding to the 30 
second MW spectrum shows no significant changes from the 20 second MW spectrum, 
which further supports the hypothesis that the oxidation process throughout the entire 
sample operates to completion in about 20 seconds. 
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Figure 21: 1o glancing scan XRD spectra for Cu/Te-Ti/SiN/Si samples 
Fig. 21 contains the full 10-60o 2θ XRD spectrum of the as deposited, 72 hour UV and 30 
second MW sample.  The as deposited spectrum does not indicate any crystalline phases, 
while only two peaks are evident across the 30 second MW spectrum. Fig. 22 indicates 
the locations of these peaks to be centered around 35.5o and 38.7o 2θ. Although the RBS 
results suggested the presence of multiple oxides, XRD only indicates the presence of 
CuO, which has (111) and (111) peaks at 35.572o and 38.727o, respectively (JCPDS 
Card 89-5895). Glancing angle XRD signals can come from as deep as a few microns, 
which suggests that the Te-Ti-O phase signals are being attenuated by the Cu/CuO [38]. 
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Therefore, no information about the Te-Ti oxidation phases can be determined with 
XRD. 
 
Figure 21: 1o glancing scan XRD spectrum of 30 second MW Cu/Te-Ti/SiN/Si sample 
over the CuO primary peak region (35-45o) 
4.4 Conclusions 
Cu/Te-Ti metal stacks showed no changes in structure or electrical properties after being 
irradiated using 365 nm UV photons for 72 hours. This indicates that the material is 
stable under high energy electromagnetic radiation. However, when processed using 
lower energy 2.45 GHz microwaves, the Cu, Te, and Ti each oxidized within the stack. 
The oxidation process of the Cu is extremely rapid, occurring in approximately 10 
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seconds. After this time period, the Te-Ti thin film begins to oxidize quickly, resulting in 
complete oxidation after 20-30 seconds. Because the maximum temperature achieved in 
this process is below 200 oC, it is clear that this process is not thermally initiated. 
Although microwaves have been demonstrated to induce CuO and Cu2O formation from 
Cu, the mechanism responsible for the Te-Ti oxidation remains unclear. 
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SUMMARY AND OUTLOOK 
Thermal, UV, and MW processing are used in a variety of methods and applied in many 
stages in the fabrication of electronics. These techniques play a crucial role in 
manipulating materials. To this point, these processing techniques were used on several 
types of metal structures deposited on chalcogenide thin films, and the responses of the 
metals were observed and characterized using a variety of techniques.  
 
Ge20Se80-based chalcogenide radiation sensors were deposited on a flexible PEN 
substrate in order to determine the effect of bending on their performance. The sensors 
were doped with Ag by inducing diffusion using UV radiation. It has been experimentally 
determined that these sensors transition from a high resistance (~1012 Ω) OFF-state to a 
low resistance (~103 Ω) ON-state after being exposed to a UV radiation doses of ~60 
J/cm2. These sensors have been proven to exhibit resistance against signal degradation 
after being flexed to various tensile and compressive strains. The resistance of the 
chalcogenide sensors maintained a value of approximately 104 Ω over a range of strains 
from -0.25% to 1.3%. Additionally, these sensors are capable of retaining their structure 
when annealed up to 150 oC. Cracking in the sensors was also observed using optical 
microscopy, and was determined to be a result of mounting and removing the samples 
from the test structures. These cracks had a drastic effect on the resistance when 
measured perpendicularly across the crack; values as high as ~1010 Ω were recorded in 
most cases. Although these values were clearly artifacts in the collection of data, the 
resistance value of 1010 Ω was found to be consistent across all cracks and can be used to 
identify and disregard inappropriate measurements. 
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The feasibility of the Te-Ti chalcogenide system as a Cu thermal diffusion barrier was 
determined experimentally. Samples of Cu/Te-Ti/SiN/Si were annealed at 400, 500, and 
600 oC under vacuum for 30 minutes each in order to thermally stimulate the Cu. A four-
point probe was used to initially characterize the changes in electrical properties of the 
material. Decreases in the sample resistance up to 500 oC indicated grain growth within 
the Cu layer. A large increase in resistance after annealing at 600 oC indicated that 
Cu/Te-Ti interdiffusion had occurred. RBS analysis was used to determine the changes in 
composition of the metal stack, and showed evidence of significant Cu diffusion after 
annealing at 600 oC. Little to no effect was observed in the stack as a result of 400 and 
500 oC annealing. XRD provided insight into the failure of the Te-Ti diffusion barrier 
when used to examine the as deposited sample and samples after 500 and 600 oC 
annealing. The as deposited sample spectrum did not indicate any crystallinity in the 
sample. After 500 oC annealing, the XRD spectrum showed evidence of Cu grain growth, 
as indicated by the appearance of the Cu (111) peak. In the post-600 oC anneal spectrum, 
the Cu (111) peak was diminished and several Ti3Te4 phases appeared, indicating the 
formation of Te-Ti crystalline phases due to thermal stimulation. These results suggest 
that Te-Ti is a viable diffusion barrier material for use in high temperature electronics. 
 
Cu/Te-Ti metal stacks were exposed to UV and microwave radiation in order to stimulate 
Cu oxide growth on the surface. UV irradiation was used to determine the degree to 
which the Cu/Te-Ti system is affected by electromagnetic radiation. After a 72 hour UV 
exposure and total absorbed dose of 907 J/cm2, the Cu/Te-Ti showed no changes. RBS, 
XRD, and four-point probe characterization indicated a lack of noteworthy changes 
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within the material, and thus verified its stability under electromagnetic radiation. The 
metal stacks were then exposed to 2.45 GHz microwaves for up to 30 seconds. A color 
change in the sample surface from reflective to blue suggested the formation of an oxide 
on the surface. This initial hypothesis was confirmed using four-point probing, which 
showed an increase in resistance by several thousand percent. However, RBS analysis of 
the samples implied a multitude of oxides forming within the metal stack. It was inferred 
that complete oxidation of the metal stack took place within 20 to 30 seconds of 
processing time. The Cu oxidized for approximately the first 10 to 20 seconds of 
processing, while the Te and Ti continued to oxidize to approximately 30 seconds. XRD 
was used to attempt to identify any of the oxides in the stack, and the only peaks that 
appeared in the spectrum referred to the CuO (111) and (111) phases. Several 
experiments have already proved that Cu oxidation can be stimulated using low 
temperature microwave processing. However, because the microwave processing only 
reached a maximum temperature of 186 oC, the mechanism responsible for oxidation of 
the Te and Ti in the metal stacks is still unknown.  
 
  
40 
REFERENCES 
[1] A. Zakery and S.R. Elliott, Optical Nonlinearities in Chalcogenide Glasses and their 
Applications, Springer Series in Optical Sciences 135, (2007). 
 
[2] M.N. Kozicki, M. Park, and M. Mitkova, IEEE Transactions on Nanotechnology 4 
(3), 331 (2005). 
 
[3] M.N. Kozicki and M. Mitkova, Journal of Non-Crystalline Solids 352, 567 (2006). 
 
[4] P. Dandamudi, M. N. Kozicki, H. J. Barnaby, Y. Gonzalez-Velo, K. E. Holbert, and 
M. Mitkova, IEEE Nuclear and Space Radiation Effects Conference, San 
Francisco, 2013 (to be published). 
 
[5] G.F. Knoll, Radiation Detection and Measurement, 3rd Ed. (John Wiley & Sons, 
Hoboken, NJ, 2000). 
 
[6] [Online] What are scintillator materials?. Retrieved from 
http://www.stanford.edu/group/scintillators/scintillators.html 
 
[7] M. Mitkova, M.N. Kozicki, H.C. Kim, and T.L. Alford, Journal of Non-Crystalline 
Solids 338-340, 552 (2004). 
 
[8] D.W. Hess et al., Microelectronics Processing, Advances in Chemistry (American 
Chemical Society, Washington, DC, 1989). 
 
[9] H. Yuan et al., Applied Surface Science 258, 3158 (2012). 
 
[10] S. Bhagat, H. Han, and T.L. Alford, Thin Solid Films 515, 1998 (2006). 
 
[11] S. Bhagat, N.D. Theodore, and T.L. Alford, Thin Solid Films 516, 7451 (2008). 
 
[12] M.J. Hart and A.G.R. Evans, Semiconductor Science and Technology 3, 421 (1988). 
 
[13] D. Wu and Q. Zhang, Physical Review B 73, 235206 (2006). 
 
[14] L. Liao et al., Applied Physics Letters 94, 113106 (2009). 
 
[15] K.M. Shrestha, C.M. Sorensen, and K.J. Klabunde, Journal of Physical Chemistry C 
114, 14368 (2010). 
 
[16] D. Tahir and S. Tougaard, Journal of Physics: Condensed Matter 24, 175002 (2012). 
 
[17] M. Yin et al., Journal of the American Chemical Society 127, 9506 (2005). 
 
41 
[18] S. Bugarinovic, M. Rajcic-Vujasinovic, Z. Stevic, and V. Grekulovic, in Solar Cells 
– New Aspects and Solutions, edited by L.A. Kosyachenko (InTech, Rijeka, 
Croatia, 2011). 
 
[19] S. Das and T.L. Alford, Materials Letters 89, 163 (2012). 
 
[20] S. Das and T.L. Alford, JOM-Journal of The Minerals, Metals, and Materials 
Society 65 (4), 534 (2013). 
 
[21] S. Das, R.N.P. Vemuri, and T.L. Alford, Journal of Vacuum Science & Technology 
B 31, 011204 (2013). 
 
[22] E.T. Thostenson and T.-W. Chou, Composites: Part A 30, 1055 (1999). 
 
[23] J.S. Sanghera and I.D. Aggarwal, Journal of Non-Crystalline Solids  
 256-257, 6 (1999). 
 
[24] J.S. Sanghera, L.B. Shaw and I.D. Aggarwal, IEEE Journal of Selected Topics in 
Quantum Electronics 15 (1), 114 (2009). 
 
[25] J. Yun, K. Cho and S. Kim, Nanotechnology 21, 235204 (2010).  
 
[26] J. Jang, F. Pan, K. Braam and V. Subramanian, Advanced Materials 24, 3573 
(2012). 
 
[27] P. Dandamudi et al., Thin Solid Films (to be published). 
 
[28] T.L. Alford, L. Chen and S.G. Kaustubh, Thin Solid Films 429, 248 (2003). 
 
[29] J. Mizsei and V. Lantto, Journal of Nanoparticles Research 3, 271 (2001). 
 
[30] S.Q. Wang, I. Raajimakers, B.J. Burrows, S. Suther, S. Redkar and K.B. Kim, 
Journal of Applied Physics 68, 5176 (1990). 
 
[31] A.A. Istratov and E.R. Weber, Journal of the Electrochemical Society 149, G21 
(2002). 
 
[32] V.S.C. Len, R.E. Hurley, N. McCusker, D.W. McNeill, B.M. Armstrong and H.S. 
Gamble, Solid State Electronics 43, 1045 (1999). 
 
[33] L.A. Clevenger et al., Journal of Applied Physics 73, 300 (1993). 
 
42 
[34] D.Y. Shih et al., Journal of Vacuum Science and Technology A 7, 1402 (1989).  
 
[35] H. Sueyoshi and S. Kakiuchi, Materials Transactions 48 (3), 531 (2007). 
 
[36] S. Hwang, P. Veronesi, C. Leonelli and H. Kim, Journal of the American Ceramic 
Society 93 (10), 3201 (2010). 
 
[37] B. Roos, S. Das and T.L. Alford, Materials Letters (to be published). 
 
[38] B.A. van Brussel and J.T.M. De Hosson, Applied Physics Letters 64 (12), 1585 
(1994).
43 
BIOGRAPHICAL SKETCH  
Benjamin Kiyoshi Roos was born in Oakland, California, on August 27, 1990. He 
received his elementary education at Tierra Bonita Elementary School in Poway, 
California. His secondary education was completed at Western Branch High School in 
Chesapeake, Virginia. In 2008, Benjamin entered Purdue University, West Lafayette, 
Indiana, majoring in Nuclear Engineering with a concentration in Nuclear Materials and 
Radioactive Waste Management. He is an alumnus of the Pi Upsilon chapter of the Alpha 
Epsilon Pi fraternity. Upon graduation in 2012, he enrolled in the Graduate College at 
Arizona State University to pursue a master’s degree in Materials Science and 
Engineering. He was supported by the Veterans Administration and the funding made 
available by the Post-9/11 G.I. Bill.  
